INTRODUCTION
much higher Neél temperature (T N ) of 68 K. The LTE measurements performed on the polycrystalline sample showed that the anomaly in lattice dimensions coincides with the magnetic transition, 27 but the authors suggested the second order nature of this transformation. Heat capacity measurements 29 performed on a polycrystalline alloy reported the main transition around 77 K (which is by ~30 and ~10 K higher than earlier reports) and another heat capacity anomaly at 195 K. Magnetization measurements performed by Canepa et al. 30 indicated T N of 74 K. At the same time the paramagnetic Weiss temperature (θ p ) is positive and large, as reported by Narasimhan et al. 26 (54.8 K)
or by Canepa et al. 30 (65 K), indicating substantial ferromagnetic coupling in the ground state of magnetic sublattice of the compound. It is interesting to note significant discrepancies in the value of T N reported in different sources (generally, more recent papers report higher T N ). The highest T N = 80 K for the Gd 5 Ge 3 compound was reported by Dhar et al. 31 Same authors observed another magnetic transition near 50 K. As we will see later, it is important to note that the lattice parameters and unit cell volume of Gd 5 Ge 3 measured in this paper 31 are also the highest among all those previously reported. 24, 25, 27, 28 The analysis of the available literature discussed above leads to a conclusion that the Gd 5 Ge 3 compound has a rich physics, which however, is far from being clearly understood. The magnetostriction observed in this compound and the strong sample dependence of its basic physical properties call for a closer look into the intriguing behavior of the crystal lattice of Gd 5 Ge 3 and its expected coupling with the magnetic sublattice. Here we report a study of the physical properties and crystal structure of two polycrystalline Gd 5 Ge 3 alloys made from the starting materials of different purity. The first principles calculations of the electronic structure of Gd 5 Ge 3 are used to interpret and partially explain the experimental findings.
EXPERIMENTAL TECHNIQUES
The first set of Gd 5 Ge 3 samples for the experiments (henceforth samples A, A-HT, and B) were polycrystalline alloys arc-melted from the elements in an Ar atmosphere using high purity Gd metal prepared by the Materials Preparation Center at the Ames Laboratory of U.S. Department of Energy. 35 The Gd was at least 99.7 at. % pure with respect to all elements in the Periodic Table ( the major impurity is oxygen: 2375 at.
ppm). In order to verify the suggestion that the value of T N in Gd 5 Ge 3 is strongly affected by the purity of the rare earth metal used in sample preparation, three additional samples have been prepared using commercial grade Gd, purity of which is generally quoted at 99.9 % (probably wt. % and not at. %), but is typically on the order of 90-95 at.% 36, 37 .
The elemental Ge for sample preparation was purchased from Meldfom Ltd. (at least 99.99 wt. % pure). The compositions of the samples prepared using commercial Gadolinium were: Gd 5 Ge 3 (sample C), Gd 5.02 Ge 3 (sample D), and Gd 5.1 Ge 3 (sample E).
According to room temperature X-ray powder diffraction measurements, all samples appear as single phase materials with the Mn 5 Si 3 -type crystal structure (space group P6 3 /mcm). A part of sample A was heat treated at 850 °C for 1 week (sample A-HT). The heat treated sample was also a single phase material and this sample (A-HT) was primarily used in magnetization, heat capacity, and temperature dependent X-ray powder diffraction measurements. The SEM analysis of samples A-HT and C confirms that both samples are primarily single phase materials containing a small (~0.5 vol.%) fraction of linear features similar to those previously observed in the R 5 T 4 series of alloys. 19, 20 The full results of the ongoing miscrostructural investigation of these alloys will be published elsewhere when available. The lattice parameters of the prepared samples are listed in Table 1 . Chemical analysis of the Gd 5 Ge 3 compounds prepared from the materials of different purity (samples A and C) was performed to analyze for oxygen, nitrogen, and carbon content (Table 2 ). In addition, two samples with nominal stoichiometry Gd 11 Ge 10 and Gd 3 Ge were prepared from Ames Laboratory high purity Gd in order to check the existence of these compounds, and if they exist, to examine their magnetic properties.
Both samples were found to be multiphase alloys containing only the known phases in agreement with the Gd-Ge phase diagram. 38 The temperature dependencies of dc magnetization and ac magnetic susceptibility of bulk polycrystalline samples were studied using Quantum Design Superconducting Quantum
Interference Device (SQUID) magnetometer, model MPMS XL-7. The isothermal magnetization was measured at 5 and 20 K in magnetic fields ranging from 0 to 140 kOe in the Quantum Design Physical Property Measurement System (PPMS) by using the Vibrating Sample Magnetometer (VSM) option. The pressure dependence of magnetization was studied by using a commercial HMD High Pressure Cell designed for use in the Quantum Design MPMS SQUID magnetometers. The heat capacity was measured using a semi-adiabatic heat pulse calorimeter 39 in magnetic fields from 0 to 75 kOe. The temperature and magnetic field dependent x-ray powder diffraction measurements were performed using the Gd 5 Ge 3 powder (particle size <25 μm, mixed with GE varnish) at temperatures ranging from 5 to 300 K and in magnetic fields between 0 and 40 kOe. The details of the sample preparation and experimental setup can be found in Ref. 40 .
EXPERIMENTAL RESULTS

Magnetic Properties
The magnetization of the polycrystalline Gd 5 Ge 3 (sample A-HT) measured as a function of temperature at constant magnetic field [M(T)] is shown in Fig. 1 . In 1 kOe the PM to AFM transition is observed at T N = 87 K (T N here is defined at a maximum magnetization value on the M(T) curve) and two additional, possibly spin reorientation (SR), transitions are seen at T SR1 = 44 K and at T SR2 = 68 K (Fig. 1 ). The Neél temperature shows very weak magnetic field dependence, while the spin reorientation transitions notably shift to lower temperatures at higher magnetic fields (Fig. 1a) . In addition to these transitions, the ZFC (zero field cooled heating) data collected at 70 kOe show two anomalies at 10 and 24 K (Fig. 1a) . These anomalies are likely related to additional spin reorientation processes indicating complex magnetic structure of Gd 5 Ge 3 . There is a small hysteresis between ZFC heating and field cooled cooling (FCC) data below T SR1 . The appearance of this hysteresis does not necessary indicate a first order transition and is rather typical for the domain wall motion activation. However, it occurs even in strong magnetic fields, and in view of strong magnetostriction observed in Gd 5 Ge 3 single crystal, 33 the possibility of at least partially structural origin of this hysteresis should be considered.
The ac magnetic susceptibility measurements of the as cast Gd 5 Ge 3 (A) revealed the presence of the unreacted Gd metal in the sample (Fig. 2) , which orders ferromagnetically at 293 K. At the same time, the heat treated sample A-HT does not contain Gd. However, the ac susceptibility indicates another transition at ~195 K in both as cast and heat treated samples (Fig. 2 ) in addition to the AFM and SR transitions. Note that the T N is essentially the same for both the as cast and heat-treated samples, so the annealing is not a factor affecting the ordering temperature as it was suggested by Dhar et al. 31 Clearly, the strength of the signal that corresponds to the transition at ~195 K drastically decreases after the heat treatment and the signal from the Gd metal completely disappeared. This indicates that the 195 K transition belongs to a magnetic impurity phase, in addition to Gd, which should be a phase that is richer in Ge than Gd 5 Ge 3 .
Neither Gd 5 Ge 4 nor GdGe have magnetic ordering transitions at ~195 K and the M(T)
curves of the prepared neighboring alloys (not shown), Gd 11 Ge 10 and Gd 3 Ge, did not show this transition as well. Further, as follows from both X-ray powder diffraction and scanning electron microscopy data, sample A has no impurities other than the observed linear features. Even though the nature of the linear features is not clear, it is reasonable to assume that they are the cause of this magnetic transition. One feasible explanation is that the composition of the linear features here is different from those observed in R 5 T 4
alloys. In addition, stresses at grain boundaries that form in a polycrystalline sample due to rapid cooling from a melt may create effects similar to high non-hydrostatic pressure raising the ordering temperature of this impurity. If this is the case, than the strain relief during the heat treatment should lead to a weaker signature of the transition at 195 K as is observed experimentally (see Fig. 2 ).
The isothermal magnetization data ( 
Heat Capacity
Heat capacity of the Gd 5 Ge 3 compound was measured in 0, 20, 50, and 75 kOe (Fig. 5 ).
The heat capacity data basically agree with the magnetization data -the main transition at 
Crystal Structure
During cooling in the absence of magnetic field the Gd 5 Ge 3 sample shows nearly linear lattice contraction from 300 K to the magnetic ordering temperature 85 K (Fig. 6 ). No anomaly was observed around 195 K in agreement with the heat capacity data (Fig. 5 ).
Below 80 K the x-ray powder diffraction patterns of Gd 5 Ge 3 clearly indicate a structural distortion, as most of the Bragg peaks become wider and some split indicating lower crystallographic symmetry. A detailed crystallographic analysis was performed using the x-ray powder diffraction pattern collected at 20 K (Fig. 7) . The largest splitting occurs for the (hk0) and (h00) reflections while a few resolved (00l) peaks remain unaffected by the transition. Assuming that the new crystal structure must be closely related to the parent Mn 5 Si 3 -type structure several isomorphic orthorhombic space groups were chosen for the preliminary indexing. It was found that the x-ray pattern can be successfully indexed using Cmcm space group. The atomic positions were then generated using International
Tables for Crystallography, 41 and the final result was obtained using the Rietveld refinement (LHPM Rietica 42 ). The lattice parameters and atomic positions of the orthorhombic Gd 5 Ge 3 compound at 20 K, which essentially represents a new structure type, are listed in Table 3 . From the temperature dependence of the lattice parameters shown in Fig. 6 , it is clear that the distortion occurs in the ab plane, similar to pure Gd.
Nearly identical results were obtained during the heating, which was performed from 5 to 120 K. We cannot either definitely confirm or disprove the presence of thermal hysteresis from our lattice parameters temperature dependence data because the measurements were performed in 5 K steps, but from the magnetic measurements no hysteresis is expected and it is hard to notice any in our lattice parameters data as well. Judging from the small volume change at the transition temperature (Fig. 6 , bottom curve) this transition is weakly first-order, in agreement with heat capacity data.
The crystal structure of sample C (Gd 5 Ge 3 prepared using commercial grade Gd) was examined in the temperature range from 295 to 5 K (Figure 8 ). Similar to A-HT Gd 5 Ge 3 , it undergoes an orthorhombic distortion at its antiferromagnetic ordering temperature.
However, compared with A-HT Gd 5 Ge 3 (see Fig. 6 ) the lattice distortion in C Gd 5 Ge 3 is insignificant. Thus, a low resolution temperature dependent diffraction study of the crystal structure of a typical Gd 5 Ge 3 sample prepared with impure Gd may not lead to the detection of such a minor distortion (e.g. in a conventional neutron diffraction experiment).
The isothermal increase of magnetic field from 0 to 4 T does not produce any measurable changes in the Gd 5 Ge 3 lattice at 20 K (as follows from the least squares standard deviations of lattice parameters listed in Table 3 , the sensitivity of our X-ray powder diffraction data is on the order of 20 ppm). The compound remains orthorhombic with practically the same lattice parameters.
It is easy to notice that there are some discrepancies between our data and the earlier reports. 32, 33, 34 First, no structural distortion was reported by x-ray diffraction study of the magnetic field dependence of the (550) and (008) Bragg reflections performed at 4.2 K.
However, because no full-profile and/or temperature dependent study of these reflections has been performed and the transition is already completed at 4.2 K it is likely that no further structural distortion could be seen in such experiment. 33 It is more difficult to explain the discrepancy between our results and Ref. directions at this temperature. We believe this is due to the magnetocrystalline anisotropy combined with a much higher absolute sensitivity of capacitance dilatometry compared to ~20 ppm accuracy of our x-ray powder diffraction measurements.
THEORETICAL INVESTIGATIONS
In order to have a better insight into the ground state of Gd 5 Ge 3 , first principles electronic structure calculations have been performed for both experimentally determined orthorhombic (Cmcm) and hexagonal (P6 3 /mcm) structures. The local spin density approximation including Hubbard U parameter (LSDA + U) approach (with U = 6.7 eV and J = 0.7 eV -the well-known values for Gd atoms 43 ) has been employed within the scalar relativistic version of the tight binding linear muffin tin orbital (TB-LMTO) method. 44 The structural parameters of both crystal structures (lattice constants and atomic positions) were used in these calculations as obtained from X-ray powder diffraction data and were not relaxed. are estimated by subtracting FM total energy from AFM total energy. 45 As shown in Table 4 , the carbon and nitrogen impurities make the exchange interactions more negative indicating stronger antiferromagnetic order and higher T N . However, oxygen, which is the main impurity in samples prepared using the commercial grade Gd (Table   2) , makes exchange interactions slightly less negative, therefore leading to a less stable antiferromagnetic order.
The magnetic moments calculated assuming FM order show that the fourfold Gd1 atoms in the hexagonal Gd 5 Ge 3 have higher magnetic moments compared to other Gd atoms (Table 5) . Similarly, the eightfold Gd1 (8e) atoms in the orthorhombic Gd 5 Ge 3 have highest moments compared to Gd2 (4c) and Gd3 (8g) atoms (Table 5 
DISCUSSION
The Neél temperature observed in our material (T N = 87 for sample A-HT) is the highest among those reported in literature. Taking into account that sample A was prepared using the high purity Gd metal from the Ames Laboratory 35 , while other studies employed a commercial grade Gd, we postulate that the value of T N in Gd 5 Ge 3 is strongly dependent on the purity of the rare earth metal used in sample preparation. Our second sample made from the high purity Gd (sample B) shows nearly the same T N = 83 K (see Fig. 4 ) but sample C made from commercial purity gadolinium has the ordering temperature of 68 K, which is 19 K lower than the first of our samples (Fig. 1b) , and in agreement with the Neél temperature reported by Barmin et al. 27, 28 Apparently, there are two common mechanisms of how impurities influence the properties of the synthesized Gd 5 Ge 3 alloys. The first one involves modification of the crystal and electronic structures when impurity atoms, depending on their nature, either substitute the main atoms or occupy available interstitial space. Second mechanism is related to the fact that an effective concentration of the main component is lower in the low-purity material compared to the high-purity material, so the alloys prepared from the materials of different purity would have different actual compositions.
In order to examine the influence of both mechanisms on the ordering temperature of with some additional Gd to see if the shift in composition will affect Neél temperature.
The chemical analysis showed that the concentration of the interstitial impurities (O and N) is significantly higher in sample C than in sample A ( Table 2) . On the other hand the ordering temperature practically does not change with extra Gd added (66 K for sample D and 69 K for sample E) indicating that the Gd deficiency (second mechanism) is not the main reason for the lower T N in sample C. Thus, presence of interstitial impurities in Gd 5 Ge 3 lattice seems to be the main factor affecting the magnetic ordering temperature in this compound.
It is important to note that the samples prepared from the low-purity Gd have smaller lattice parameters than the samples made from the high-purity Gd (Table 1 ). It appears that this contradicts our explanations because higher concentration of the interstitial atoms usually translates into larger lattice parameters. However, the structural properties of compounds with the Mn 5 Si 3 -type structure substantially differ from the majority of while they probably, underestimate the effect of oxygen, because the actual change of T N in our oxygen-rich samples is significantly larger than the calculated -3.5 K difference (see Figure 1b and Table 4 ). No data are available for the nitrogen-rich Gd 5 Ge 3 but one can expect that the influence of interstitial nitrogen would be comparable to that of carbon ( Table 4) .
The results of temperature dependent X-ray powder diffraction experiment indicate that the presence of impurity atoms makes the energy difference between PM and AFM phases smaller resulting in the magnetic ordering transition that may not require a structural change at T N . Such a prominent effect of the rare earth metals purity on the presence (or absence) of the structural transitions has been earlier observed in Er 5 Si 4 , 50, 51 where the structural transition occurs only in samples prepared with high purity Er.
CONCLUSIONS
The Gd 5 Ge 3 compound prepared using high purity Gd exhibits a structural transition at the AFM transition (T N = 87 K). The low temperature crystal structure is a new orthorhombic type of structure with the space group Cmcm. In the sample prepared using low-purity Gd the structural distortion is minor, and the ordering temperature itself is 
